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Recombinant factor VIII and IX products have well-established efficacy and safety records. However, concerns about 
the possibility of viral transmission have prompted efforts to develop recombinant products that are free of added 
human and animal proteins. The currently licensed second-generation recombinant factor VIII concentrates were 
introduced in 2000. Two new third-generation products, manufactured without any human- or animal-derived materials, 
are currently in development and ciinlcai testing. As an alternative to exogenous factor replacement, gene therapy is 
under Investigation for use in the treatment of hemophilia. Gene therapy Involves the stable insertion of a functional 
gene for long-term expression and secretion of endogenous factor VIII or IX protein. Methods used to date have been 
based on retroviral, adenoviral, and adeno-associated viral vectors, as well as nonvirai eiectroporation. Three phase i 
trials using these approaches have been completed as of 2002, and one more is ongoing. This article reviews the 
results of recent clinical studies investigating third^eneration recombinant products and gene-based approaches to 
hemophilia treatment. 
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FOR THE PAST 10 years, recombinant factor con- 
centrates have been prescribed for the treatment 
and prevention of bleeding episodes in patients with 
hemophilia. The safety record of these products is 
superb; to date, no confirmed cases of viral transmis- 
sion have been linked to their use. Any remaining 
perception that viral disease may occur through infu- 
sion of factor concentrates stems from the tragic 
infection of the majority of adult patients with severe 
hemophilia who were given contaminated concen- 
trates two decades ago. 

Despite this improved safety, concerns persist re- 
garding the necessary addition of human albumin to 
current first-generation recombinant factor VIII con- 
centrates during the production process. The theo- 
retical concern that albumin might transmit a known 
or as yet unrecognized infectious disease has 
prompted the Medical and Scientific Advisory Coun- 
cil (MASAC) of the National Hemophilia Foundation 
to recommend that efforts be made to remove human 
albumin from recombinant factor VIII products. 
Moreover, MASAC recommends that all human and 
bovine proteins be eliminated from the manufactur- 
ing process of recombinant products. ^ 

One second-generation recombinant factor VIII 
concentrate, first introduced in 2000 by Bayer, con- 
tains reduced human albumin in the final formula- 
tion compared to first-generation products. Another, 
ReFacto, manufactured by Wyeth, is derived from a 
B-domain- deleted F.VIII construct. Third-genera- 
tion products that are prepared without any added 
human- or animal-derived materials, are currently in 
development. 

Because of the theoretical safety risks associated 
with the use of recombinant products and practical 



problems associated with intravenous infusion of fac- 
tor concentrates, gene therapy is currently being in- 
vestigated as a potential treatment for hemophilia. 
The goal of gene therapy is to provide stable insertion 
and long-term expression of the gene for either factor 
VIII or IX. Clinical trials of gene therapy for hemo- 
philia were initiated in the United States in 1999, 
generating much interest and, more recently, prelim- 
inary results. 

This review assesses the potential benefits and 
indications for third-generation recombinant prod- 
ucts, as well as the current potential for gene therapy, 
in the treatment of hemophilia. Clinical studies test- 
ing the efficacy of these strategies are reviewed, and 
preliminary results, where available, are presented. 

First- and Second-Generation 
Recombinant Products 

Ten years ago, recombinant factor concentrates were 
licensed for the treatment of hemophilia A in the 
United States. In 1992, the first recombinant factor 
VIII product (Recombinate, Baxter Healthcare Corp, 
Glendale, CA) emerged, followed in 1993 by a second 
factor VIII product (Kogenate, Bayer Corp, Elkhart, 
IN). Two years later a recombinant factor IX product 
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(BeneFix, Genetics Institute Inc, Cambridge, MA) 
appeared, followed in 1999 by a third factor VIII 
product (ReFacto, Genetics Institute Inc). 

The factor VIII products currently available in the 
United States include Recombinate, Kogenate FS 
(Bayer Corp), ReFacto, and Helixate FS (Bayer Corp). 
All of these products use human albumin at some 
point in the production process. Albumin, although 
derived from pools of plasma, has an excellent safety 
record. A recent report found no confirmed reports of 
viral transmission from the use of human albumin in 
the United States in 53 years.^ Of the recombinant 
concentrates used to date, no confirmed case of dis- 
ease transmission has been associated with these 
products. 

The recombinant products reconstitute to about 
2.5 mL to 10 mL of volume and, except for ReFacto, 
represent the full-length factor VIII molecule. 
ReFacto is B-domain- deleted factor VIII. Of the re- 
combinant factor VIII products, Recombinate is the 
only product that uses albumin as a stabilizer in the 
product's final formulation. The other recombinant 
factor VIII products use a cell culture medium con- 
taining human plasma protein solution and recombi- 
nant human insulin. The FS products, Kogenate FS 
and Helixate FS, are formulated with sucrose instead 
of albumin as a stabilizer. Of the recombinant con- 
centrates used to date, no confirmed case of disease 
transmission has been attributed to these products. 

Despite the proven safety record and continued 
improvements in the manufacturing process of re- 
combinant products, concern persists about the po- 
tential for viral transmission with infusion of any 
product that contains plasma-derived proteins. Al- 
though the well recognized transfusion-transmitted 
viruses including HIV, HBV, and HCV are readily 
inactivated by heat or solvent-detergent treatment, 
the risk of transmission of other, not yet recognized, 
infectious agents that resist current inactivation tech- 
niques still exists. 

Third-Generation Factor VIII Products 

The two third-generation recombinant factor VIII 

concentrates, produced without exogenous animal or 
human protein are in development, including a B- 
domain- deleted recombinant factor VIII (BDDrF- 
VIII) from Wyeth (Philadelphia, PA), and a product 
from Baxter Healthcare Corporation that is made 
using a full-length factor VIII concentrate, made with 
a protein-free method (rAHF-PFM). Neither of these 
products is licensed. 

For the BDDrFVIII product, several changes were 
made to the manufacturing process to accommodate 
production in a serum- and albumin-free medium. 
All these changes were subject to the constraint that 
they would not affect product quality or purity. 
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Figure 1. Manufacturing process of the third-generation BDDrF- 
VIII product. The dark boxes indicate modified steps— the master 
cell bank/working cell bank (iVlCB/WCB), media, and addition of 
ligand separation and viral filtration steps— that distinguish this 
product from that of previous BDDrFVIII products. SP, sulfopropyi; 
S/D, solvent/detergent; Q, quaternary aminomethyl; SEC, size 
exclusion chromatography; DS/DP, drug substance/drug product. 



The manufacture of the new BDDrFVIII required 
modification of several steps that distinguish it from 
the earlier-generation factor VIII products (Fig 1). 
The master cell bank and working cell bank are in a 
medium containing recombinant insulin as the only 
added protein. The cells are derived from the B- 
domain- deleted factor VIII master cell lineage and 
grown in an albumin-free, serum-free medium. 

A novel chemically synthesized ligand for exirane- 
ous protein removal replaces the monoclonal anti- 
body used in the earlier production process. The 
ligand also removes equivalent Chinese hamster 
ovary protein, resulting in a product vwth purity 
comparable to that seen in previous recombinant 
factor VIII concentrates (>99% clotting protein). 

The addition of a viral filtration step is new for the 
manufacturing of recombinant factor VIII products. 
This step differs from chromatography and solvent- 
detergent inactivation steps in that its size-selective 
mechanisms removes medium- and large-sized vi- 
ruses completely. The small-sized B-domain- deleted 
factor Vni is able to pass through the small pores (35 
nm) of the filter. 

Studies have validated the effectiveness of the 
BDDrFVIII manufacturing process, which combines 
solvent-detergent step, viral filtration, and affinity 
chromatography steps in reducing viral load. Trials 
with this product have not yet been initiated. 

The rAHF-PFM product is derived from produc- 
tion cell lines similar to those of its earlier product, 
Recombinate. The rAHF-PFM product has a primary 
structure identical to that of Baxter's previous recom- 
binant antihemophilic factor. This concentrate will 
have a reconstituted volume of 5 mL, smaller than 
that of Recombinate. No human or animal materials 
are used in the cell culture process, purification pro- 
cess, or for stabilization of the final formulation. A 
dedicated viral inactivation step employs solvent- 
detergent treatment. The new product retains the 



New Recombinant Therapy and Gene Therapy 



25 



Table 1. Viral and Nonviral Strategies Used in Gene-Based 



Therapies for Hemophilia 



Viral vectors 




Retrovirus 


Requires gene integration for long-term 




expression 


Adenovirus 


Large capacity for transgene expression; 




generates strong immune response 


Adeno-associated 


Parvovirus associated with no human 


virus 


disease, small coding region 


Nonvirai method 




Eiectroporation 


Electric impulses used to open pores in 




the cell membrane to facilitate DNA 




Integration either ex vivo or in vivo 



physicochemical characteristics of Recombinate and 
is predicted to have comparable levels of safety, tol- 
erability, and hemostatic efficacy. 

Safety and efficacy studies for rAHF-PFM have 
been completed in rat and mouse models. In addi- 
tion, seven clinical trials are being planned or con- 
ducted. Ongoing studies include a pivotal phase III 
trial with 111 previously treated adult patients, a 
continuation study with 80 previously treated pa- 
tients, a surgical study with 48 patients, and a study 
of previously treated children. Planned studies in- 
clude safety and efficacy in previously untreated pa- 
tients, a postlicensure phase IV study, and a clinical 
study in Japan (unpublished data, Baxter Bioscience, 
2002). 

The pivotal phase III trial, a randomized, double- 
blind, crossover study involving 111 previously 
treated patients, compared the pharmacokinetics and 
efficacy of rAHF-PFM with those of Recombinate in 
108 patients over 10 years of age. The two products 
were shown to be bioequivalent. Pharmacokinetic 
parameters and hemostatic efficacy were similar be- 
tween the two products as well. No serious ad- 
verse events and an acceptable incidence of drug- 
related adverse events were reported with the use of 
rAHF-PFM (unpublished data, Baxter Bioscience, 
2002). 

Gene Therapy Clinical Trials 

To date, three gene transfer studies in patients with 
hemophilia have been completed, and currently one 
trial is enrolling subjects. These studies are evaluat- 
ing several approaches to gene transfer utilizing viral 
vectors and nonviral methods (Table 1). 

Studies of retroviral, adenoviral, or adeno-associ- 
ated viral (AAV) vectors have been completed or are 
enrolling subjects. Retroviral vectors require integra- 
tion into dividing cells for long-term expression. Ad- 
enoviral vectors have the advantage of a large capac- 
ity to accommodate a transgene. The adenoviral- 
based vectors cause an immune response in 



recipients that may contribute to short-lived trans- 
gene expression. AAV is a small parvovirus that does 
not cause human disease, but its small coating region 
does not accommodate large genes, such as the full- 
length factor VIII gene. 

One method for transferring genes to cells is eiec- 
troporation. Eiectroporation requires brief applica- 
tion of electric impulses to cells, either in vivo or ex 
vivo, which creates transient pores in the membrane 
and allows the polar and/or charged agents (such as 
DNA, RNA, some dyes) to enter the cell. In ex vivo 
eiectroporation, autologous cells into which a gene 
has been inserted can be characterized before reim- 
plantation into the patient to ensure the gene of 
interest is being expressed at a particular level. 

All trials of gene therapy in hemophilia must as- 
sess safety issues of the approach. Risks being as- 
sessed include the possibilities of inhibitor formation 
factor VIII or factor IX, insertional mutagenesis, and 
germline transmission (ie, presence of transgene in 
semen with potential for transmission to offspring). 
Germline transmission is not a concern with an ex 
vivo approach, as it is with some virally based ap- 
proaches, since the transgene is applied to specific 
cells and not administered parenterally. The goal of 
gene transfer therapy is to achieve sustained trans- 
gene expression; expression resulting in factor VIII or 
IX levels as modest as 1% to 3% would likely benefit 
patients with hemophilia. Maintaining factor levels 
above 1% is key to the success of prophylaxis regi- 
mens and the reason patients with mild or moderate 
disease have fewer bleeding complications. A suc- 
cessful gene therapy approach in early trials would be 
defined as the conversion of a patient with severe 
disease into one with mild or moderate disease. In 
addition, overexpression of the transgene is not likely 
to harm patients, because the upper limit of the 
normal range is 150% for factor VIII or IX. 

Completed Gene Therapy Trials 

Gene therapy trials which have been completed in- 
clude intravenous (IV) infusion of a retroviral vector 
expressing a B-domain— deleted factor VIII (sponsor, 
Chiron Corp), the ex vivo transfection of autologous 
fibroblasts with a plasmid encoding B-domain- de- 
leted factor VIII (sponsor, Transkaryotic Therapies, 
Inc), and intramuscular injection of recombinant 
AAV- expressing human factor IX (sponsor, Avigen, 
Inc). 

The mechanism of retroviral transduction is well 
understood. The retroviral RNA is altered so that 
genes that facilitate viral replication are removed, and 
genes necessary for reverse transcription, factor VIII, 
and other supporting genes are kept or inserted. The 
virus infects hepatic cells, and transcription of the 
plasmid factor VIII RNA to DNA occurs. The factor 
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Figure 2. Procedure for the ex vivo 
transfection of factor VIII into autologous 
human fibroblasts. Cells obtained by skin 
biopsy are isolated and cloned, followed 
by electroporation to induce introduction 
of a plasmid encoding B-domain-deleted 
factor VIII into the cellular DNA. Cells are 
then propagated and ultimately reinjected 
into the omentum. Figure courtesy of 
Transl<aryotic Therapies, Inc, Cambridge 
IMA; used with permission. 



VIII gene is expressed, and the protein is produced 
and secreted. 

The cUnical trial involving the retroviral vector 
was an open-label dose-escalation study. Doses were 
infused intravenously and ranged from 1 X 10® col- 
ony-forming units (cfu)/kg up to 8 X 10® cfu/kg. 
Fourteen subjects were enrolled and are currently in 
follow-up. Preliminary results have shown occa- 
sional measurements of factor VIII expression above 
1%, but no persistent transgene expression, and no 
serious adverse effects related to the vector. ^ 

In the TKT gene therapy trial studying ex vivo 
transfection of autologous fibroblasts with a plasmid- 
encoding BDDFVIII, six patients with severe hemo- 
philia A were enrolled initially. Subjects underwent 
skin biopsy to obtain fibroblasts. The gene for factor 
VIII was electroporated into the fibroblasts ex vivo. 
The fibroblasts identified as producing factor VIII 
were isolated, cloned, and implanted into the pa- 
tients' omentums (Fig 2). 

The initial results from the first six patients en- 
rolled in this trial were published by Roth and col- 
leagues in June 2001.* In addition to demonstrating 
that implantation of the genetically altered fibroblasts 
was safe, the results showed that four of the six 
patients had factor VIII activity that rose above pre- 
vious baseline levels; these patients also had a de- 
creased incidence of bleeding episodes and decreased 
use of factor VIII concentrate. In one patient in- 
creased factor VIII levels persisted for up to 10 
months following the procedure before falling back 
below 1%. Despite initial promise, long-term expres- 



sion has not been shovra. Efficacy results for the total 
of 12 subjects enrolled in this trial are yet to be 
published. 

The trial of AAV-mediated, muscle-directed, fac- 
tor IX gene therapy employed an open-label, dose- 
escalation design with low-, medium-, and high-dose 
cohorts. Eight subjects were enrolled, three each in 
the low- and medium-dose cohorts and two in the 
high-dose cohort. Subjects received intramuscular 
injection of the vector genomes (vg) in 2.0 X 10^^ 
vg/kg, 6.0 X 10" vg/kg, and 1.8 X 10^^ vg/kg, respec- 
tively. Subjects were assessed for plasma factor IX 
levels, muscle enzymes, and the development of in- 
hibitors. 

At 2 and 6 months after injection of the vector into 
muscle, subjects underwent a muscle biopsy to assess 
the efficacy of gene transfer. For all of the subjects 
receiving the vector, adverse events were minimal. 

Muscle tissue obtained at biopsy was analyzed by 
Southern blot analysis, immunofluorescence assay, 
and immunohistochemistry. Southern blot analysis 
of genomic DNA showed the presence of vector- 
specific sequences in five of nine specimens. Factor 
IX expression was demonstrated in the myocytes of 
all patients by immunofiuorescent or immunohisto- 
chemical staining. Despite evidence of transgene in- 
sertion, only two of eight patients demonstrated ex- 
pression of factor IX above 1%. Evidence of a dose 
response was not seen. Overall, the vector was well 
tolerated, with no significant systemic or local toxic- 
ities observed in the subjects enroUed.^ e 
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Figure 3. Construct derived from wild- 
type AAV vector used in ttie Avigen, Inc, 
study of muscie-directed factor IX gene 
therapy. Tfie vector inciudes portions of 
factor IX complementary DNA (cDNA) and 
uses a nonspecific cytomegalovirus en- 
hancer/promoter. Reprinted with permis- 
sion from Dr. Katherlne High. 
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Other Gene Therapy Triak 

Two other hemophilia gene therapy trials deserve 
mention, the intravenous infusion of an adenoviral 
vector expressing factor VIII (sponsor, GenStar Ther- 
apeutics) and the intrahepatic arterial infusion of an 
AAV vector expressing factor IX (sponsor, Avigen, 
Inc). 

The former trial was a multicenter phase I study 
using escalating intravenous doses of a construct 
called Max-Ad (GenStar Therapeutics, San Diego, 
CA), a gutted adenoviral-based vector that directs the 
full-length factor VIII cDNA to somatic cells. The 
rationale for a gutless vector is that eliminating most 
viral coding sequences will minimize immune toxic- 
ity. <■ Enrollment was of subjects with hemophilia who 
may be human immunodeficiency virus (HlV)-posi- 
tive (CD4"^ count > 300 cells/fAL) and hepatitis C 
virus (HCV)-positive but negative for HCV by poly- 
merase chain reaction (PGR) assay. 

One male subject was treated in this trial. During 
the first 24 hours after infusion he developed throm- 
bocytopenia and a prolonged prothrombin time. De- 
spite an increase in measured plasma factor VIII lev- 
els up to 3%, he suffered a joint bleed requiring factor 
VIII treatment. After 4 days, his platelet count and 
coagulation parameters had normalized.^ This trial 
has been discontinued due to concerns of toxicity 
and slow subject accrual. 

Finally, there is the phase I dose-escalation study 
involving intrahepatic arterial injection of an AAV- 
human factor IX construct with a liver-specific pro- 
moter (Coagulin B, Avigen, Inc, Alameda, CA). The 
wild-type AAV construct is similar to the construct 
used for the muscle-directed, factor IX gene therapy 
study, but this vector incorporates a liver-specific 
promoter in place of the cytomegalovirus enhancer/ 
promoter (Fig 3). 

Miao et al reported that hepatocytes are the only 
liver cell type knovm to be transduced by AAV.^ In 
animal models, stable transduction over a period of 
weeks to months following injection. i° This is a 



shorter period of time for transduction than was 
observed after administration of AAV vector in mus- 
cle. Using the liver-specific promoter, hepatocytes 
demonstrate restricted gene expression, which ap- 
pears to provide an extra measure of safety. 

This trial is enrolling adult men with severe hemo- 
philia B. Patients may be HIV-positive and must have 
a negative history of inhibitor to factor IX. Patients 
who have evidence of active HCV infection (as dem- 
onstrated by presence of HCV-RNA by PCR assay) 
must have had a liver biopsy within the previous 2 
years demonstrating minimal fibrosis. 

To date, seven subjects have been enrolled. Pre- 
liminary results show that the subjects initially expe- 
rienced no local or systemic toxicity, Kay et al 
reported that one subject had a factor IX level of 13% 
weeks after treatment with the vector. The subject 
subsequently developed asymptomatic transaminitis 
with aspartate aminotransferase levels peaking at 500 
U/L. With resolution of the transaminitis, the sub- 
ject's factor IX level fell to 1%.^^ 

Conclusions 

The third-generation recombinant factor VIII prod- 
ucts produced without added human- or animal- 
derived materials are in development and clinical 
trials. Two gene therapy trials, one in subjects with 
factor VIII and the other in subjects with factor IX 
deficiency, are currendy under way, and results are 
expected in the near future. 

With these new therapeutic options, the future for 
patients with hemophilia appears brighter than ever 
before. The current climate rightfully demands that 
clinical trials of new factor concentrates or gene ther- 
apy approaches be thoughtfully developed and im- 
plemented, with broad access to safety information. 
Preserving the health of research subjects as new 
therapies are developed is critical for maintaining a 
partnership between patients, their health care pro- 
viders, and the affiliated industries. 
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